AIR-MASS ANALYSIS AND SHORT PERIOD WEATHER
FORECASTING IN INDIA.

By 8. N. Sex and H. R. Purt, Meteorological Office, Poona.
(Read at Symposium, July 25-26, 1938.)

The air-masses.—In the absence, so far, of synoptic observations of pres-
sure, temperature and humidity at different levels of the atmosphere, our
ideas of the main properties and thermodynamical peculiarities of the inter-
acting air-masses, as well as our daily forecasts of weather over India, must
necessarily be based solely on the available surface and pilot balloon observa-
tions, although the results of occasional sounding balloon and aeroplane ascents
made at a few stations can subsequently be referred to for further verification.

In classifying the air-masses over the Indian region one would, at first
sight, like to recognise simply two main divisions, viz., the ‘dry’ and the ‘moist’
air-masses. Asa matter of fact, in a country like India, a line of discontinuity
at the surface outside winter may be expected generally to be between dry
air on one side and moist air on the other. For greater precision in forecasting,
however, a further sorting is found necessary. A summary of the detailed
analysis is given in the following table, which modifies ! previous classifications.

The three primary air-masses have some outstanding characteristics.
As borne out by the results of the available meteorograph ascents, at any rate
in the lower layers, the tropical 2 air has the highest dry bulb temperature,
the extra-tropical, the lowest dry bulb and the equatorial, the highest wet bulb.
The lapse rate of temperature, on the average, is ot the order 7-8° C/km. in the
extra-tropical and the tropical and 4-5° C/km. in the equatorial below the
freezing level 3. The moist transitional has also a fairly low temperature lapse
rate (5-6° C/km.), which is, however, confined to the bottom layer in autumn
and winter, extending upwards by degrees later. In this connection, it may
be explained that, compared to the equatorial, the tropical, much warmer at
the surface, must, by virtue of its high lapse rate, become colder above a certain
level, which will be referred to later as the ‘differential level’, the height of
which increases as the season changes from winter to summer. Above this
level, the tropical would therefore behave like the extra-tropical and present

1 In Fig. 2, facing p. 594 of ‘Science and Culture’ for June 1937, ‘Equatorial South-
easterlies’ were named ‘Tropical Currents’.

2 Bimulation of the tropical and the extra-tropical currents in juxtaposition in the
morning appears to be induced by the large diurnal ranges of temperature of the former,
originating at the surface.

3 QOver India the height of the freezing level is of the order of 4-5 km. above mean sea
level all the year round (as found from results of sounding balloon ascents).
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WEATHER FORECASTING IN INDIA. 77

a more or less typical cold front to the equatorial, while, underneath, it would
lie on a slope of the equatorial, with the withdrawal of which it would simply
subside and become heated further.

Seasonal growth of the air-masses.—For a fuller appreciation of the fore-
casting problem, a knowledge of the usual evolution of the various air-masses
in each season is necessary and an indication has already been given in Table I.
The three principal air-masses, viz., the extra-tropical, the tropical and the
equatorial are, to varying extents, present ail the year round within the limits
of the region shown in the present weather charts of the India Meteorological
Department.

The main extra-tropical stream comes through Iran, Afghanistan and
Baluchistan. Since, on the north and north-west, high mountain ranges
separate India from the rest of the Asian continent, the flow of this air into the '
country cannot take place in an unobstructed manner. It has to passover
mountains and come down the slopes by katabatic process or descend from
levels above the level of the mountains by subsidence in the widest sense.
The subsiding air will apparently get mixed with the already existing air at
lower levels by turbulence, while the cold air flowing down the hills will suffer
a marked surface heating in the course of its further progress through the
country. It is thus obvious that the air in the surface layers can rarely be as
cold in the interior of the country as in the sub-Himalayan regions.

As summer advances, the tropical air-mass gradually grows, subsequently
to be invaded by the equatorial. Accordingly, by the time of the onset of the
monsoon the tropical becomes dominant up to great heights over practically
the whole of western and upper India, while the equatorial south-easterlies take
possession of the Bay of Bengal. . No data of the average rate of growth of the
tropical air-mass are available. The following table may however be indirectly
helpful in this connection. The data illustrate the seasonal lifting and lowering
of a level of stratification.

Tasre II.

Layers at which changes of lapse rate of temperature occur most frequently. (Meteorograph
ascents at Agra, published in the India Meteorological Department ‘Upper Air
Data’. 1929 to 1931.)

|

Height inkm. | 1-2 | 1.2 | 3-4] 45 | 56 | 4.5 3-4I34§34

Jan. | Feb. | Mar. | Apr. MaVIJ\me July Ang bep 1ch 1N0v Dec.

above M.S.L.

|
i 23 1e
|

i

An indication regarding the seasonal growth of the equatorial upwards'
has already been given elsewhere.!  From the following table of normal vapour

1 See p. 363 and Table XII of ‘Himalayan Meteorology’, by Sen and Chatterjee,
(Chapter 9 of ‘Everest 1933°, by Hugh Ruttledge, London, 1934).
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pressure gradients at the. surface across the various coastal districts, a rough
idea may be obtained of the increasing intensity of the convergence of the

moist and dry currents, at any rate in a shallow layer above the ground, between
winter and summer.

Tapre IIT.

Horizontal Gradient of Vapour Pressure across the Coast, mb/ 100 Em. (Eliot’s Climatological
Atlas of India—DPlates 76 to 87).

\ ‘
Coast. .Jan. Feb. | Mar. | Apr. | May |June | July | Aug.| Sep. | Oct. | Nov.; Dec.

Coromandal ]

1-8 20| 34 30{ 301 1.8 16| 1.2} 15| 26| 18] 22
Circars 1-3 1.8 30 38| 89| 11| 04| 04| 06| 18] 22 15
Orissa 2:5 2941 421 49, 49, 18 0 0 11 197 26 18
Bengal -2y 23| 26| 28] 16 0 0 0 0 0 17} 11
Kathiawar 2-3 ‘l 32| 56! 66 32 35| 18] 1-9| 25| 42| 42 20

Similar data for layers aloft are not yet available. In any case the table
shows how the surface gradients weaken with the gradual breakdown of the
dominance of the tropical air-mass inland. By the beginning of June, some
parts, e.g., Bengal and neighbourhood 1, come wholly within one homogeneous
equatorial air-mass and the vapour pressure gradient across the coast vanishes
for all practical purposes. A corresponding premature loss of identity of the
tropical air-mass over north-west and central India is prevented mainly by three
factors, viz., an intermittent arrival of fresh cold air at the upper levels followed
by subsidence or mixing with the lower tropical air, periodic horizontal transport
of fresh supplies of heated air across Iran and Baluchistan and surface heating
of the lower layers over India. The role played by the tropical air in the
mechanism of the Indian weather, as an intermediary between the equatorial
and the extra-tropical, is obviously an important one 2.

Development of heterogeneity in air-masses—It is interesting to note that
appreciable heterogeneity is introduced-—

(i) into the tropical air by the arrival of fresh cold air at high levels and
its consequences;

(ii) into the equatorial, by a horizontal transport of fresh monsoon air
into the old monsoon air.

The addition of new masses in the field would modify the stream lines and
consequently the discontinuities. It is therefore important to obtain an idea
of the nature of relevant ‘cold waves’ aloft, which are often preceded by
‘heat waves’. An example of a heat wave, followed by a cold wave, is shown
by the figures in Table IV.

1 Burma seems to have its own appropriate tropical air-mass.
2 A dominance of this mass beyond June may cause a failure of the monsoon.
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TaBLE IV,
Upper air temperatures over Agra associated with western disturbances.
20th April to 14¢th May, 1931.
(‘Upper Air Data’, 1931, part 14, pp. 139-142.)

Heat wave. Cold wave. | Magnitude,
Height 1 2 3 4 5 6 7 8 9 10
gkm.
20th | 30th | 1st | 2nd | 4th | 7th | Sth | 14¢n | 1leat | Cold
épr. Apr. | May. | May. | May. | May. | May. | May. W?(‘}e nge
o Q -4 o < o <
O O O O O T O I O e e
10-0 | 232-51 230-5 | 232-0 { 232-0 | 235-5 | 236-0 | 234:5 | 236-0 | + 35 0-0
90 | 242-0 | 240-0 | 240-5 | 241-0 | 242-0 | 244-5 | 2410 | 240-0 | 4-2:5| — 45
8:0 | 2495 | 249-0 | 249-0 | 249-0 | 250-0 | 251-0 | 247-5 | 2475 | +15 | — 35
7-0 | 257-5 | 256-0 | 2567-0 | 256-0 | 258-5 | 260-0 | 256:0 | 2540} +2-5| — 60
6-0 | 2645 | 263-5 { 263-0 | 264-0 | 265-5 | 267-5 | 2640 | 2595 | +3:0 | — 80
50 | 272:0 | 270:0 | 272-0 | 269-0 | 270-0 | 271+0 | 2695 | 267-0 | —1-0 | — 4-0
4-0 | 279-0 { 278-0 | 279-0 | 277-0 | 278-5 | 280-0 | 2785 | 2740 | 4+1-0{ — 60
3-0 | 286-0 | 286-0 | 286-0 | 286-5 | 287-5 | 288-5 | 2865 | 281-0 | 4-2:5 | — 75
2:5 | 289-0] 290-5] 291-0 | 291-0 | 292-5 | 292-5 | 292-0 | 284-5 | + 35| — 80
2:0 | 293-0] 295-0 | 295-5 ] 296-0 | 297-0 | 297-5 | 296-0 | 289-0 | +-4-5| — 85
15 297-5 1 300-0 | 301-0 { 300-0 | 302-0 | 302-5 | 300-0 | 293-5| +50] — 90
1:0 | 302-0 | 304-0 | 3055 | 304-5 | 3065 | 307-0 | 304:0 | 297-0 | +5-0 | —10.0
0-5 | 307-0 | 3090 — | 309-0 | 311-0 | 311-5 - 13015 +4-5¢1 —~10-0
Surface 310-5 | 312-0 | 312-5 | 313-5 | 314-0 | 314-0 | 3100 | 305-0 | +3-5| — 90

It is interesting to note that the fall of temperature due to the ‘cold
wave’ was more than twice the rise of temperature due to the ‘heat wave’.
In favourable circumstances, such as those governing the fall of rain through
a tropical air column in the post-monsoon months, even pseudo cold front
phenomena may extend down to the surface 1.

The heat and cold waves at the surface are usually built up by the passage
of one or more western disturbances. In the instance examined, the heat
wave was most marked at the surface on the 5th May, 1931 and the correspond-
ing cold wave on the 15th May (see Fig. 1).

In the transition months, the subsidence of the extra-tropical and the
consequent heterogeneity of the prevalent tropical over western India can
obviously reach quite low levels, while on the eastern side, the development of
a ‘cushion’ of the equatorial air inhibits the process, the extra-tropical possibly
spreading out laterally. In the circumstances, if the moist air-mass over
eastern India is at any time to be moved away to make room for the tropical
near the surface, it can only be done by an increased flow of north-westerly air,
usually through the agency of a deformation field over Arabia. It may be

1 Such occurrences often give a clue to the future lie of the stress axis of a major
deformation field.
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FIG. 1

DEPARTURE OF MEAN TEMPERATURE QF DAY
1 (MAX + MIN),FROM FIVE-DAY NORMAL °F
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mentioned that even during the monsoon the destruction of the ‘cushion’,
t.e. a break in the monsoon, is usually associated with the activity of field C.

Identification of the air-masses—The fresh extra-tropical is a distinctly
cold and dry current and its advent is usually well indicated by progressive
regional falls of both maximum and minimum temperatures. A few hints
as to the practical methods employed for distinguishing the tropical and the
equatorial currents and determining the trend of their interaction at the
surface and aloft are given below :—

(a) Arbitrary criteria.—

(1) The isopleth of 20 mb. vapour pressure marks out the boundary between
pure tropical and equatorial air-masses.

(if) During May, for instance, maximum temperatures of 105°F or higher
for the tropical and 92°F or lower for the equatorial at the surface are appro-
priate.

(iii) The fresh monsoon air in July has a maximum temperature of
about 66°F and a minimum of 63°F at a height of about a kilometre and a half
above M.S.L. (Normand’s criterion derived from the data of Mahabaleshwar,
4,534 ft. high).

(iv) From 4.5 km. upwards the trend of the trajectories, on entry into the
Indian region, usually indicates the air-mass: e.g., north-westerly or north-
easterly winds are extra-tropical; westerlies and south-westerlies, tropical,
transitional or monsoon according to the time of the year; and- south-
easterlies, equatorial.

(b) Surface temperature changes—A series of charts is drawn showing
changes in periods of 24 and 120 hrs. in the maximum, minimum, dry ! and wet
bulb temperatures at the several reporting stations. All changes of the order
of 4+2°F in 24 hours in the first three temperatures over the plains of India
(Le. the changes at the peak of the frequency graph of the usual day-to-day
fluctuation) are ignored. The changes due to katabatic flow over the sub-
montane regions and the land and sea breeze effects in the coastal distriets -
are duly taken into account. The regions, in which both dry and wet bulb
or maximum and minimum temperatures are either falling or rising, are then
separated out. In the charts showing the dry and the wet bulb changes the
corresponding vapour pressure changes are also plotted. It must be admitted
that these charts give rise to knotty questions of complicated differential
diagnosis, particularly in the presence of weather phenomena and patches of
stagnant and mixed air-masses. Nevertheless, it is found that significant
and consistent changes in surface temperatures are connected with the activities
of fresh air currents aloft.

(¢) Surface abnormalities—The appearance and travel of appreciable
departures of the meteorological elements from five-day normals are often

1 Small changes in. dry bulb temperature in shorter periods are not easy to interpret
as the diurnal range is high in India.
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found to be helpful in determining the trend of movement of the equatorial
and the tropical up to moderate heights. For example, when, in the absence
of weather phenomena, a significant patch of negative maximum temperature
departures over northern India begins to move from south-east to north-west
the inference would be that the tropical air is being replaced by the equatorial.

(d) Surface horizontal gradients.—The packing of isopleths of the several
elements, particularly those of the wet bulb temperature and of vapour pressure,
often indicate a separation of the equatorial from the tropical. Again, except
over extra-tropical India in winter and the submontane regions in other seasons,
fresh cold air is first observed at high levels and fresh tropical and equatorial
at the surface. Of the tropical and the equatorial, the former is observed
at the upper levels first. The isobars are therefore nearly always a good guide
for the drawing of trajectories of these two currents.

The problem of forecasting—The bulk of the winter precipitation occurs
in agsociation with western disturbances, which usually originate in extra-
Indian fields of action and may, for the present, be left out. In this paper
attention will accordingly be confined to the forecasting problem outside the
winter season.

If it is assumed that fresh cold air is never to be found in the lower layers
except over extra-tropical India in winter, the forecasting problem, in the light
of the surface data, is reduced to a determination of the interactions of only
two air-masses, viz., the tropical and the equatorial. As explained already,
however, (vide p. 77), the line of discontinuity between these two dominant
currents at lower levels would soon attain a steady state and precipitation,
unless traced to activities higher up, would be expected to be very much
restricted, mainly to hilly regions. During the monsoon even the fullest con-
gideration of the saturated adiabatic lapse rate, with all the relevant trigger
actions, such as auto-convergence !, intermittent sunshine, orography, etec.,
would at best lead us to discern rainfall of a fitful nature and in the other seasons
no positive clue could at all be obtained of the vast thunderstorm activity
experienced over the country. In other words, no forecast, even of moderate
to heavy rainfall or other pronounced phenomena, could be made by the appli-
cation of rigid reason to all relevant facts. If, in order to overcome this
handicap, particular forms of instability were to be examined, then daily
aeroplane ascents at a number of stations to provide the upper air data
necessary for the purpose, would be indispensable. Notwithstanding the
absence of such arrangements, however, one cannot fail to perceive, in the
precipitation charts of different periods, marked indications of ‘cold front’
effects in the upper levels, over one region or another, according to season.
Nevertheless, no means being available of anticipating or even identifying the
fronts straightaway, indirect methods of analysis of charts must be resorted to.

1 A vast field of monsoon air often develops a line of cleavage under stress of growing
deformation fields and rain occurs at discontinuities of veloeity.
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Convergence patterns.—The various layers of the atmosphere are normally
characterised by seasonal convergence patterns of large dimensions. These
patterns aloft are rather simple, consisting of deformation fields and other
similar designs which are most useful to the forecaster. An important one of
these is the whirl, which may be regarded as a special case of the deformation
field 1. The daily weather charts show that symmetrical major deformation
fields between a dry current and a moist current form at moderate heights
above ground and minor ones at low levels.

It is well known that during each season weather phenomena over the
plains of India have a marked tendency towards a particular configuration.
Consequently, the most useful method of short period forecasting would be one
which brings out this configuration from the seasonal discontinuities at various
levels. Our present practice, accordingly, consists primarily in the drawing
of detailed convergence patterns at the several levels aloft, between air currents
having obviously different trajectories. Although pilot balloon data, tele-
graphed every day to the forecasting centres, are restricted to 6 km. above
M.S.L., the correspondence 2 of the axes of deforiation fields at different
heights in a thick enough layer of the atmosphere often gives important clues
to the coming weather 24-120 hrs. ahead.

The convergence patterns generally noticed besides the deformation
fields are—

(1) a southerly or south-westerly current striking the Himalayas and allied
ranges and then diverging.

(ii) a south-westerly current striking a dominant north-westerly extra-
tropical or tropical current and then deflecting south-eastwards. This pattern
is often noticed over north-west India.

(iii) a dominant south-westerly current striking a dominant south-easterly
and giving rise to a southerly current often producing thunderstorms, e.g., in
the summer months in the Bombay Deccan and during the monsoon over the
Punjab.

1 While explaining popularly Field B (vide Science and Culture, March 1938, p. 459)
to a newspaper reporter in response to enquiries regarding a trying summer in 1931, Sen
used somewhat different nomenclature as would be seen from the following extract which
appeared in the ‘Englishman’ (Calcutta) on the 8th June, 1931 :—

‘The monsoon is at present engaged in making Burma a very wet country and its
further progress is being retarded by an inconsiderate fork of cold wind from the Himalayas
between the prongs of which it is caught. There are indications, however, that the fork
will soon close and there will be a fresh outbreak in Burma or, in meterological terms,
a depression and after that our monsoon will hasten on its way to Bengal.’

2 The projections on the ground of axes of extension of corresponding deformation
fields aloft and on the surface may be within 100 miles of each other. The estimate is
based on measurements on small scale charts. The axes at very high levels appear to be
shifted to the equatorial air side in the summer months.



84 S. N. SEN & H. R. PURI: AIR-MASS ANALYSIS AND SHORT PERIOD

(iv) a northerly extra-tropical or tropical striking a dominant south-
westerly current and becoming south-westerly. This pattern is often noticed
over the coastal areas.

The main underlying idea in the interpretation of convergence patterns
is that two different air currents, while flowing side by side some distance in the
same direction, develop under stress a band or axis between them, characterised
by marked vorticity 1. If this pattern has sufficient thickness, conditions
become favourable for weather phenomena along the axis. The character
and intensity of the phenomena naturally depend on whether the vorticity is
between the tropical and the extra-tropical, the equatorial and the extra-
tropical or the equatorial and the tropical. As a rule, the first case results in
duststorms or dry thunderstorms, the second in severe thunderstorms with
abundant rainfall and the third in thunderstorms of a minor type with Jight
rain, It is thus obvious that the seasonal dispositions of these axes at the
various levels and their migrations from normal positions would greatly bear
upon the type and distribution of weather to be expected. The study of the
situation would be further facilitated if it is remembered, as observation shows,
that the momentum of the flow of cold air in a general deformation field above
the differential level shapes and guides to an appreciable extent the conver-
gence patterns in the fields below.

Mechanism of weather over India.—General deformation fields—The main
seasonal phases of the wind structure and weather over India are easily ex-
plained by the linear and angular oscillations of four general deformation
fields, viz., field 4 over India (in the non-monsoon months), field B over China-
Burma region (in the monsoon months), field C' over the Arabian region and
field X in the southern hemisphere (see Figs. 2 and 3). With due regard to
the interactions of these fields, it can be more or less clearly pictured how their
positions and vertical extent will determine the distribution and character
of weather in the Indian region, at any given time. It is observed that in
winter, field 4 is dominant over the country and in the monsoon field B, while
during the transition months, both 4 and B participate, the external influences
in all the seasons being exercised by fields ¢ and X. 1t is particularly interest-
ing to study the parts played by the different fields during important changes
of season. In connection with the onset of the monsoon, for instance, the
characteristic events are that field 4 gradually vanishes, that field ' apparently
moves southwards and sometimes has its axis of extension running from SW to
NE over the Arabian Sea and that field B is more or less over Burma. At the
same time, an intermittent swaying of the axis of extension of field X, appa-
rently associated with mid-winter conditions over the southern hemisphere,
leads to a periodical delivery of huge masses of cold and moist air at the equator.

1 It is interesting to note that the orography of Cherrapunji is on the lines of a horse
shoe with extensions on both sides, giving the impression of the axis of extension of a
deformation field. : '
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If the preparations for the monsoon start early, i.e. if, for instance, field 4 is
definitely destroyed by May and field €' shows a premature and frequent
dominance with its axis of extension over the Arabian Sea, the advent of the
monsoon may also be expected, as a rule, to be early.

Methods in practice.—As already pointed out, important development
of weather in India is to be expected mainly along the axis of extension of a
deformation field (between any two of the three principal air currents), in and
around whirls, and over regions of auto-convergence and velocity-discontinuity
in the equatorial current, especially during the monsoon. In drawing these
patterns the only method available at present, to verify the identity of the
different air-masses, is to correlate, as far as possible, the regional changes in
upper winds with those in the surface elements below. As is well known,
however, a correct interpretation of the latter is notoriously difficult. For
example, a fall in the maximum temperature may be due to suitable spells of
cloudiness, katabatic flow of cold winds, arrival of fresh extra-tropical air,
rain through tropical air, thunder or duststorms, transport of fresh equatorial
air into regions originally under the tropical, or mixing of different air-masses
at the surface. There are similar difficulties in respect of the variations in
other elements. Efforts are, however, made to get at the real sequence by
working out and examining, besides the changes in 24 hours, which often
represent only local fluctuations in the field, 120 hours’ changes, which generally
indicate the regional trend. Tt is by this and similar means and through a
process of gradual elimination in the light of the life-history of each air-mass
that a reasonable correlaton of the changes in the surface elements with those
in the upper winds can be rendered feasible and necessary inferences drawn.

Among the factors helpful in the analysis of charts, a marked divergence
of trajectories in an air-mass is of particular utility in determining the position
of the stress axis. A sudden increase in wind speed, in the same horizontal
plane, often indicates the presence of discontinuity, while significant patches
of ‘present and past weather’, with proper reference to the upper wind distri-
bution at each level, are of great use in defining the prevailing patterns. It may
be noted here that the axis of a major deformation field within the Indian
region has been found to have a marked tendency to run more or less parallel 1
to the coast. Even the auto-convergence lines show this preference during the
monsoon. In actually drawing the convergence patterns the charts are taken
up first from low levels upwards, i.c. from 0-5 km. level to 2 km. or so, referring
to the isobaric chart as a rough guide and then from high levels downwards,
viz., from 6 km. to 3 km. taking the wind directions at source regions as the
criteria for distinction. The finished patterns are then viewed, so to say,
from above, as if the whole series was arranged on a ‘cake stand ’. In making
out the patterns between 24 km., a knowledge of the heights of the differential

1 The lie of the stress axis of a major deformation field within India is either from SE
to NW or from SW to NE, which, it appears, are the stable positions,
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levels over various regions is necessary, so that the ‘cold fronts’ may be located
but, in the absence of upper air data, it is not always possible to gain this
knowledge. Nevertheless, the data in Table IT, the extent of subsidence of the
tropical and the extra-tropical? (seen from the mode of descent of convergence
patterns), the character and intensity of weather along the axis of extension
and the particulars of failure of forecast may furnish a working hypothesis.

In Fig. 3, a concrete example is given of the method followed in the
drawing of convergence patterns.

The important auxiliary charts given in Fig. 4 are self-explanatory.

The first important point to notice is that a cold wave started at the
frontier in the rear of a western disturbance on the 23rd April, 1934. Tempera-
ture fell over Baluchistan and the ‘zero line’ in Fig. 4 (¢) appeared over the
frontier. This cold wave was later augmented by others in the wake of fresh
western disturbances. Moreover, discontinuities in the lower levels caused
rain over the western Himalayas between the 23rd and 25th April and the
consequent cooling further reinforced the cold wave. The consecutive positions
of defects of ‘mean temperature of day’ from the normal by about 8°F are
shown on the chart. The bifurcation of the cold wave at the surface in its
south-eastward travel was apparent from the consecutive positions of the 4°F
line (not reproduced) and approximately indicated the probable lie of the
stress axis. The ‘zero line’ ran from Assam to Malabar by the 30th April.
A major deformation field which is shown in Fig. 3 appeared at 3 km. Its
base was about 1-5 km. above mean sea level and the top reached higher than
6 km. The associated occurrence of fog along the Mekran and Kathiawar
coasts is significant.

The configuration of isotherms in Fig. 4 is almost a ‘shadow ‘on the ground
of the general deformation field aloft. Fig. 4 (d), representing the changes
in wet bulb temperature in 120 hours, shows how the invariant character of this
element helped in demonstrating that the source at the north-west frontier
was connected with the seats of action in Assam and the Peninsula. In cases
like this the growth and ultimately the dominance of dry air to the north
of the axis of extension, in spite of the minor fluctuations oceurring throughout
the field, is the most remarkable feature and often serves as the chief basis of
analysis.

The comparative constancy of wet bulb temperature is of particular help,
when, owing to circumstantial peculiarities, the general response of the surface
elements to the regional changes in wind directions above i either blurred or
wholly masked. Such instances are happily not many and are mainly

1 In this connection it is to be remembered that, while flowing over the equatorial, the
tropical goes head forward, ¢.e. the upper layers are in advance of the lower layers. In the
case of the extra-tropical however conditions are reversed. This is incidentally one way
of distinguishing the tropical from the extra-tropical simply with the aid of the trajectories.
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associated with the formation of feeble depressions, particularly during the
monsoon or after a succession of storms. The following case is illustrative.

On 18th June, 1938, a feeble depression formed in the Bay of Bengal
off the Orissa coast. The regional changes in the wet bulb temperature and
relative humidity are depicted in Fig. 5.
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It is seen from Fig. 5A that the wet bulb temperature changes in 120
hours were slight. The tongue in northern India, over which wind shifts
aloft were most marked, was nevertheless significant inasmuch as it could
be regarded as part of one system, neglecting the falls over the coastal areas,
which were obviously due to other causes. It is also noteworthy that relative
humidity fell over northern India (Fig. 5B) in spite of rain.

From what has been said in the preceding paragraphs it will be clear that

- even in the absence of upper air temperature data, the method of drawing
convergence patterns is more or less rigidly defined, leaving little room for
personal predilections.  The latitude that there may be is still further restricted
by the daily verification of forecasts and the consequent redrawing of the old
fields.

The establishment or dissipation of a major deformation field, as known
from experience, usually takes about five days. As all weather phenomena
are essentially associated with the activity of convergence patterns, it is evident
that, with the mode of analysis recommended, general forecasts or ‘outlooks’
5 days ahead can be considered to be a practical proposition. The scope of
such forecasts is all the more widened in the case of depressions and cyclonic
storms the formation of which, as the present method of analysis shows, results
from the convergence of three air-masses, that is the interactions of two defor-
mation fields 1 with their axes of extension suitably inclined to one another.
Thus, for instance, during the usual break in the monsoon preceding the forma-
tion of a depression in the Bay of Bengal, the typical warm spell over northern
India arising out of the importation of the tropical by field C, as also the active
monsoon which prevails in Bengal during the reinforcement of field B, is likely
to last about five days and can usually be foreseen. Similarly, after the
depression has formed, a spell of bad weather for 5 days can be indicated over
certain regions. .

Summary of important points.—For forecasting purposes, leaving out
periods of cyclonic storms in the Indian Seas, the following points should be
noted :—

(@) In winter the Indian region is dominated by field A, field €' also becom-
ing active when a western disturbance is approaching Baluchistan. Field B
meanwhile displays occasional activity over Lower Burma. The lie of the
axes of extension of these fields enables one to forecast weather 24 to 48 hours
ahead, the period of forecast for any region usually depending on the thickness
and persistence of the field concerned. The activity of the north-east monsoon
is closely associated with the axis of extension of field 4, when over the south-
west Bay of Bengal, and a revival may be foreshadowed, sometimes, about
5 days ahead.

1 In June 1938, for instance, no depression formed in the Bay of Bengal until field
C extended an arm to the field B. It may be noted here that when the third air-mass
arrives there may even be a rise of pressure initially.
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(b) In the summer months the governing fields are 4, B and C, the first
of which gradually loses control with the rise of the differential level. Taking
advantage of the probable lie of the axes of extension of the general deformation
fields,

(1) forecasts of rain over the western Himalayas, the south of the
Peninsula and Assam may sometimes be issued about 5 days ahead;

(ii) widespread nor’westers in Bengal, considering particularly the activities
of fields 4 and B may be forecasted some 8 to 48 hours in advance.

(¢) During the monsoon period, the simultaneous activity of fields ¢ and B
gives widespread rainfall over the country, as the resulting whirl is generally
over the central parts. The activity of field C alone, with the axis of extension
running over Arabia and Iran, gives rise to a ‘break’ in the monsoon, owing to
the transport, under stress, of large masses of tropical air into northern India.
It is an occasion, when, with the withdrawal of moist air, subsidence of tropical
air takes place on a large scale. A favourable lie * of the axis of extension of
field €, however, may cause heavy rainfall along and near the west coast.
Field B, by itself, affects mainly Tenasserim, east and north Bengal and Assam,
the intensity of weather over which regions is well known. An important
problem in this season is to indicate the duration of wet spells and of breaks.
For these, forecasts may usually be issued 48 hours in advance.

It may be mentioned here that orography in general (excluding the extra-
ordinary features, such as the Himalayan ranges, the Cherrapunji region and the
like), while it does play some part, presumbly in the adjustment of the axes
in lower layers, cannot be held responsible for any main feature of precipitation,
because its behaviour is appreciably inconsistent in apparently similar circum-
stances.

(d) In the retreating monsoon period field 4 is gradually re-established
and field X retreats further away from the Indian area. Weather may be
predicted about 48 hours in advance, as a rule.

In winter and summer small whirls often travel across northern India
from west to east. At the height of the monsoon, the tropical air may not often
reach the sea areas and whirls may form inland and travel from east to west.
In the retreating monsoon period there is often a family of whirls affecting
the weather over the country. All these may be associated with minor and
subsidiary deformation fields. Weather associated with minor and subsidiary
fields may be predicted only 8-24 hours ahead.

As regards conditions associated with cyclonic storms, the following points
are noteworthy :—

According to the present method of analysis Indian cyclones arise out of
the interaction of two deformation fields (three air-masses) a study of which

1 Cf. the early monsoon on the west coast this year and the associated heavy rainfall
in Gujarat on the 13th June.
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should make it possible to predict the appearance of unsettled conditions
about 48 hours in advance. When the cyclone is formed, the forecast of its
intensity and direction of motion should similarly be possible some 48 hours in
advance. Taking advantage of the statistics collected so far, the rainfall
patterns and the typical regional spells of bad weather, associated with
cyclones in different seasons, may be predicted in a general way about 5 days
in advance.

The various points touched upon in this paper are under further study
and are expected to be discussed in detail later.

DiscUssIoN.

President: I would like to ask whether the line of extension is a front ¢

Mr. 8. Basu: What do the 120-hours’ changes represent ? Are they the
differences between the first and the fifth days’ values or do they take into
account the trends of variation in the intermediate days ?

Mr. V. V. Sohoni: How are the air-masses over the United Provinces
and north-west India, which are designated as ‘extra-tropical air’, identified?

Mr. K. P. Ramakrishnan: 1t is stated in the paper that one of the methods
by which cold air can reach the surface is subsidence. Was the air originally
so cold that, even after the heating due to subsidence, it could still remain
colder than the rest ?

Mr. A. K. Roy: The distinction between thunder-rain and thunderstorm
with light rain is not quite clear. Does it mean that rain in the first case is
of thunderstorm type but is not actually associated with thunderstorm ¢ 1If so,
it is not clear why an interaction between the equatorial and the extra-tropical
should be less favourable for thunderstorm than that between the equatorial -
and the tropical.

Dr. 8. N. Sen: The line of extension is a front. 120 hours’ changes are
the differences between the first and the fifth days’ values. The extra-tropical
air over north-west India and the United Provinces is, in the absence of upper
air temperature data, identified by watching the regional changes of dry bulb
and wet bulb temperatures at the surface, together with the upper winds.
At the beginning of a spell of subsidence temperature at the surface may not
fall, it may even rise; but, with the progress of subsidence, due to fresh supplies
of cold air, there is, eventually, an appreciable fall of temperature at the
surface. Convergence between the equatorial and the extra-tropical results,
as a rule, in more intense thunderstorms than that between the equatorial
and the tropical. This point will be suitably explained in the published paper.






